Biocompatible and biodegradable amphiphilic block copolymers, which consist of hydrophilic and hydrophobic segments, have attracted considerable attention in the biomedical field, especially in drug delivery systems[@b1][@b2]. These copolymers could easily self-assemble to form nanoscale micelles with a core-shell structure in aqueous solutions. The hydrophobic blocks of the copolymer form a core serving as a container for hydrophobic drugs, while the hydrophilic blocks form a shell to enhance the aqueous stability. In addition, the nanoscale size and the outer shell can reduce the capture of reticuloendothelial system (RES), consequently prolonging their circulation time in blood[@b3][@b4][@b5][@b6][@b7]. Moreover, by means of passive or/and active targeting effects, these micelles readily accumulate in tumor tissues and then gradually release the loaded drugs locally[@b8][@b9].

Poly (ethylene glycol) (PEG) is a most commonly used hydrophilic block with non-toxicity, high safety and eco-friendly feature[@b10]. While aliphatic polyesters, such as poly (D,L-lactide) (PDLLA), poly(ε-caprolactone) (PCL) and poly(glycolide) (PGA), are a kind of extensively studied hydrophobic polymers with good biodegradability and biocompatibility[@b11][@b12]. Both of them are commercially available and have been approved for human use by FDA. Thus, various types of PEG-polyester copolymers, such as MPEG-PDLLA[@b13][@b14] MPEG-PCL[@b15][@b16][@b17] and MPEG-PLGA[@b18][@b19] have been developed and applied in drug delivery systems.

MPEG-PCL copolymer has been proved to be a good carrier for hydrophobic drugs delivery[@b15][@b16][@b17][@b20]. However, owing to the high crystallinity and hydrophobicity of PCL, most of PEG-PCL encounter poor water solubility and slow degradation, which restrict their further clinical application[@b21]. Previous studies demonstrated that the MPEG~2000~-PCL~2000~ copolymer cannot from micelles in water unless heating up to 60 °C[@b15][@b16][@b17]. But for clinical application, these kind of drug-loaded copolymer micelles were usually prepared to freeze-dried powder injection for long-term storage and transportation. Before use, normal saline was added to re-dissolve the lyophilized powder. Therefore, the re-dissolved property is very important for clinical application. Considering the high micellar temperature (60 °C) of MPEG-PCL, it is obviously inconvenient in clinic. So the optimization of MPEG-PCL to decrease its crystallinity and increase its water solubility is very significant.

The hydrophobicity and crystallinity can be tailored to achieve desirable water solubility and degradation by tuning the copolymer composition and the ratio among components or modifying the polymer chemically. Previous studies reported that the copolymers of LA/ε-CL, LA/GA, GA/ε-CL at 50:50 monomer compositions present faster degradation and lower crystallinity than corresponding homopolymers[@b22][@b23][@b24]. Thus, the hydrophilicity and degradation of MPEG-PCL may be adjusted by introducing other monomers. PDLLA has amorphous molecular structure and good water solubility, and a formulation based on MPEG-PDLLA micelles (Genexol^®^-PM) has been approved in clinical trials[@b25][@b26][@b27]. So, D,L-LA may be a good candidate for ameliorating the property of MPEG-PCL. We assumed that the random copolymerization of ε-CL and D,L-LA in the presence of MPEG as initiator would result in the copolymers (MPEG-PCLA), which may have lower crystallinity, higher hydrophilicity, appropriate degradation rate and drug loading property compared with MPEG-PCL.

In this work, we prepared a series of MPEG-PCLA copolymers with different segment contents of PCL and PDLLA by adjusting the feed ratios of ε-CL to D,L-LA. Then, the crystallinity and hydrophilicity of the prepared MPEG-PCLA copolymers were investigated. The relationships between the thermal property or the hydrolytic degradation behavior and the content of PDLLA segment were also studied. Furthermore, the drug loading capacity, re-dissolved property, cytotoxicity and drug release behavior of lyophilized DTX-loaded MPEG-PCLA micelles were also evaluated.

Materials and Methods
=====================

Materials
---------

MPEG (M~w~ = 2000), stannous octoate (95%), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (USA). ε-caprolactone (ε-CL) (99%) was purchased from Alfa-Aesar (USA). D,L-lactide (D,L-LA) was bought from Jinan Daigang Biomaterial Co. Ltd (China). Docetaxel (DTX) was purchased from Xieli Pharmaceutical Co., Ltd (China). Docetaxel injection (free DTX) purchased from Hengrui Medicine Co., Ltd (China) was used as positive control. Other chemical reagents were of analytical grade and purchased from Chengdu Kelong Chemicals (China).

3-Dulbecco's Modified Eagle's Medium (DMEM), Roswell Park Memorial Institute1640 medium (RPMI 1640) and fetal bovine serum (FBS) were purchased from Invitrogen Corp (USA). Human umbilical vein endothelial Cells (HUVEC), NIH-3T3 Fibroblast cells, human breast cancer cells (MCF-7) and mouse breast cancer cells (4T1) were incubated in medium containing 10% FBS and 1% antibiotics (penicillin- streptomycin, 10000 U/ml) at 37 °C in a humidified incubator containing 5% CO~2~.

Sprague-Dawley (SD) rats were purchased from HFK Bio-Technology. Co., LTD (China) and housed at temperature of 20--22 °C, relative humidity of 50--60% and 12 h light-dark cycles. All rats were quarantined for a week before treatment. All the animal procedures were performed following the protocol approved by the Institutional Animal Care and Treatment Committee of Sichuan University (China). And all rats were treated humanely throughout the experimental period. All methods were carried out in accordance with the approved guidelines (IACUC-S200904-P001).

Measurements
------------

^1^H-NMR spectra were recorded on a Mercury VX-300 spectrometer (Germany) using tetramethylsilane (TMS) as an internal reference and CDCl~3~ as solvent.

GPC was used to measure the molecular weights of copolymers. GPC analysis was performed on a HLC-8320 GPC system (USA). Tetrahydrofuran (THF) was used as the eluent at a flow rate of 0.6 ml/min, 10 μL of 1% (w/v) sample solutions were injected for each analysis. The molecular weights were calculated based on a universal calibration curve generated with polystyrene standards. The column temperature was set at 40 °C.

Differential scanning calorimeter (DSC) was used to study the thermal properties of the copolymers, performed on a Netzsch DSC 204F1 (Germany).

X-ray diffraction spectra (XRD) were used to measure crystallinity of copolymers, performed on a Philips X'Pert Pro DY1291 (Netherlands) equipped with a Cu-Kα radiation source (λ = 0.1542 nm; 40 kV; 40 mA) at a scanning speed of 2°/min.

Thermos-gravimetric Analysis and the first derivative thermos-gravimetric analysis (TGA/DTG) were carried out by TA Instrument SDT 2960 (USA).

Synthesis of MPEG-PCLA copolymers
---------------------------------

MPEG-PCLA copolymers were prepared by random ring-opening polymerization of ε-CL and D,L-LA, using MPEG as an initiator and stannous octoate as catalyst. In brief, MPEG was heated in vacuum at 100 °C for 2 hour (h) to eliminate the trace amount of water. To avoid the boil of ε-CL, the flask was cooled to room temperature before addition of ε-CL, D,L-LA and stannous octoate (0.3% w/w). The reaction was carried out at 150 °C under nitrogen protection. After 6 h, the reaction mixture was dissolved in dichloromethane and purified by re-precipitation in petroleum. The resulting copolymers were dried in a vacuum oven at 40 °C. The obtained MPEG-PCLA copolymers were dissolved, dialyzed against distilled water and then lyophilized. The purified MPEG-PCLA copolymers were stored in air-tight bottles at −20 °C for further use.

The samples were abbreviated to MPEG-PCLA (the molecular weight of MPEG block--the molecular weight of PCLA block/the content of PCL segment in PCLA block. For MPEG-PCLA (2000--2000/70), the molecular weight of MPEG is 2000 g/mol, the molecular weight of PCLA is 2000 g/mol, and the content of PCL segment in PCLA block is 70%. MPEG-PCLA (2000--2000/100) is equal to MPEG-PCL (2000--2000) (abbreviated as MPEG-PCL), and MPEG-PCLA (2000--2000/0) is equal to MPEG-PDLLA (2000--2000) (abbreviated as MPEG-PDLLA).

Hydrophilicity
--------------

One hundred milligrams of the copolymers were dispersed in 4 ml of distilled water at 25 °C. Later, the samples were stirred (about 50 rpm) at 25 °C for 12 h. Then the hydrophilicity was evaluated by macroscopic observation whether the micelles formed at 25 °C and the solutions were clear and transparent.

Thermal behavior of the copolymers
----------------------------------

Before being submitted for the DSC test and the TGA test, the samples were dried in a vacuum oven at 80 °C for 48 h to eliminate the humidity.

For the DSC test, the samples were first heated to 80 °C and kept for 5 min to eliminate the thermal history. The cooling curves were recorded when the samples were cooled from 80 °C to −20 °C at a rate of 5 °C/min; after the samples was kept at −20 °C for 5 min, the heating curves were recorded from −20 °C to 80 °C at a rate of 5 °C/min. About 5.0--10.0 mg of each sample was tested.

For the TGA/DTG test, all samples (8--10 mg) were heated from 50 °C to 600 °C in an atmosphere of nitrogen at a rate of 10 °C/min. From the TGA and DTG curves, the following characteristics were determined: the temperature at 5% weight loss (*T*~5%~), the temperature at 50% weight loss (*T*~50%~), the temperature at 95% weight loss (*T*~95%~), the temperature at the maximum degradation rate (*T*~max~), weight loss percentage and the temperature at degradation end (*T*~end~) for the corresponding degradation stage, and the residue mass percentage at 500 °C.

Hydrolytic degradation behavior of the copolymers
-------------------------------------------------

The hydrolytic degradation was studied by putting the copolymers (mass = 1.0 g) in 40 ml (a) 1.0 mol/L sodium hydroxide (NaOH) aqueous solution, pH = 13.0; (b) hydrochloric acid (HCl) solution, pH = 1.0; (c) phosphate buffered saline (PBS, 0.1 M, pH = 7.4) at 37 ± 0.5 °C, containing 0.05% sodium azide as an antibacterial agent. At predetermined times, the samples were taken out, dialyzed, frozen and lyophilized to obtain dried degradation products, characterized by ^1^H-NMR, GPC and DSC.

Preparation and characterization of DTX-loaded copolymer micelles
-----------------------------------------------------------------

The thin-film hydration method was used to prepare DTX-loaded copolymer micelles (abbreviated as DTX micelles). Briefly, 10.0 mg DTX and copolymers were co-dissolved in 2 ml of dehydrated alcohol and placed into a round-bottomed flask. Then the solvent was evaporated in rotary evaporator at 60 °C to obtain a thin film. Subsequently, the obtained film was hydrated with 5 ml water under moderate shaking at 60 °C, and DTX-loaded micelles formed via self-assembly. Finally, the solution was filtered with a syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA) to remove non-entrapped drug and lyophilized for further application. Blank micelles were prepared as mentioned above without adding DTX.

The critical micelle concentration (CMC) of MPEG-PCLA (2000--2000/50) was measured using a pyrene fluorescence probe method. Briefly, a series of MPEG-PCLA (2000--2000/50) solutions with a constant pyrene concentration (1.0 × 10^−6^ mol/L) were placed in an ultrasonic bath at 55 °C for 2 h to reach equilibrium. Then the fluorescence spectra were recorded on a luminescence spectrometer (Fluorescence Spectrophotometer LS55, Perkin-Elmer, USA). The emission spectra were scanned from 340 to 450 nm at the excitation wavelength of 333 nm. The CMC value was determined by the curve of fluorescence intensity ratio of I~373~/I~384~ to the micelle concentration.

The drug loading capacity (DLC) and encapsulation efficiency (EE) of DTX micelles were determined as follows. Briefly, the lyophilized DTX micelles were weighed accurately and dissolved in acetonitrile. The amount of DTX in the solution was determined by reverse-phase High Performance Liquid Chromatography (RP-HPLC 1260, Agilent, USA) with a HC-C18 column (4.6 mm × 150 mm, 5 μm) using a mobile phase consisting of acetonitrile/water (55/45, v/v) and UV detection at 232 nm. Finally, DLC and EE of DTX micelles were calculated according to the following formula:

DTX-loaded MPEG-PCLA (2000--2000/50) copolymer micelles were used as an example to evaluate the crystalline properties. Crystallographic assays of DTX powder, the lyophilized DTX-loaded MPEG-PCLA (2000--2000/50) copolymer micelles and the physical mixture of DTX and MPEG-PCLA (2000--2000/50) copolymers was measured by XRD.

The re-dissolved properties of the freeze-dried micelles were investigated. Normal saline was preheated to 25 °C, 40 °C and 60 °C and added into the lyophilized powder, and then stirred (about 50 rpm) to re-dissolve.

The particle size and zeta potential of the prepared DTX micelles were determined by dynamic light scattering (Nano-ZS 90, Malvern, UK). The measurements were performed at 25 °C after equilibration for 2 minutes. All the results were the mean of three test runs, and all data were expressed as the mean ± SD.

The morphology of DTX-loaded MPEG-PCLA (2000--2000/50) micelles was observed under a transmission electron microscopy (TEM H-6009IV, Hitachi, Japan). The samples were diluted with distilled water and placed on a copper grid covered with nitrocellulose. Then the DTX micelles were negatively stained with phosphotungstic acid and dried at room temperature.

Cytotoxicity of the copolymers and DTX micelles
-----------------------------------------------

The cytotoxicity tests of DTX micelles and free DTX were performed on 4T1 cells and MCF-7 cells. The 4T1 or MCF-7 cells were seeded at a density of 1 × 10^4^ cells per well in 100 μL of medium in 96-well plates for 24 h. The cells were then exposed to a series of DTX micelles with different concentrations. After 24 h incubation, the medium was replaced by fresh one, and then 20 μL of MTT solution (5 mg/ml) was added to each well. After incubating for a further 4 h, the MTT solutions were carefully removed, and added 150 μL of Dimethyl sulfoxide (DMSO) to dissolve the MTT formazan crystals. The absorbance was recorded at 570 nm by an ELISA microplate reader (Thermo-Fisher, USA). The relative viability was used to quantify the cytotoxicity, and the control group of copolymer-free culture medium was set as 100% viability. In addition, a cytotoxicity evaluation of the copolymers was conducted on HUVEC cells and NIH-3T3 cells using the MTT method presented above.

Quantification of cellular uptake
---------------------------------

MCF-7 cells at log phase were seeded on 6 well plates with a density of 1 × 10^6^ cells per well. After incubation for 24 h, the media were removed, and cells were exposed to 1 mL serum-free medium containing blank micelles, free DTX, or DTX-loaded MPEG-PCLA (2000--2000/50) micelles at a final concentration of 20 μg/mL, respectively. After incubation for 0 and 4 h, the cells were collected, washed three times with cold phosphate-buffered saline (PBS). Then the cells were added 100 μL of water and freeze-thawed three times to lyse the cells. The cell suspensions were added 300 μL of ethyl acetate, homogenized and then centrifuged at 13000 rpm for 10 min. The DTX amount in the supernatant was measured by HPLC as described above.

*In vitro* drug release study
-----------------------------

*In vitro* drug release was conducted using a dialysis method. Briefly, 1 ml of free DTX or DTX-loaded MPEG-PCLA (2000--2000/50) micelles were placed in dialysis bags (molecular mass cutoff 2000 Da), and then incubated in 40 ml of PBS buffer (pH 7.4) containing 0.5% w/v Tween 80 at 37 °C with gentle shaking (100 rpm). At predetermined time points, the release media were collected and replaced by pre-warmed fresh release media, and then stored at −20 °C for further analysis. After collected all samples, DTX were quantified using HPLC as described above. All the results were the mean of three test runs, and all data were expressed as the mean ± SD.

*In vivo* pharmacokinetic study
-------------------------------

Pharmacokinetics study was performed in healthy SD rats (200 ± 20 g). Twelve rats were fasted overnight, randomly divided into two groups (n = 6) and then administrated intravenously with DTX-loaded MPEG-PCLA (2000--2000/50) micelles or free DTX at a dose of 10 mg DTX/kg body weight, respectively. During the entire experimental period, the rats were supplied with adequate water. At 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 12 h after drug administration, blood samples were collected and immediately centrifuged at 6000 rpm for 5 min to obtain the plasma. 100 μL of plasma samples were mixed with 20 μL of paclitaxel solution (10 μg/mL) in methanol as the internal standard and then added 300 μL of ethyl acetate. The mixtures were mixed for 5 min and then centrifuged at 13000 rpm for 10 min. The obtained organic layer was evaporated under nitrogen flow at 40 °C. The residue were reconstituted with 100 μL of the mobile phase consisting of acetonitrile/water (55/45, v/v) and then centrifuged at 13000 rpm for 10 min. 20 μL of the supernatant was injected into HPLC system for HPLC analysis as described above. The pharmacokinetic parameters were calculated using a non-compartmental model by the Drug and Statistics (DAS) software (version 2.1.1, Mathematical Pharmacology Professional Committee, China).

Statistical analysis
--------------------

The statistical analysis was carried out with one-way analysis of variance (ANOVA) using the SPSS 15.0 software (Chicago, IL, USA). A *p* \< 0.05 was considered as statistically significant difference.

Results
=======

Synthesis and characterization of the copolymers
------------------------------------------------

The chemical structure of MPEG-PCLA (2000--2000/50) copolymer was characterized by ^1^H-NMR, as shown in [Fig. 1](#f1){ref-type="fig"}. The peaks around 3.30 ppm belonged to methyl protons of the methoxy units (C***H***~***3***~O-) and the sharp peaks around 3.65 ppm were attributed to methylene protons of the ethylene glycol units (-C***H***~***2***~C***H***~***2***~O-) in MPEG; the peaks around 5.10 ppm and 1.50 ppm belonged to the methylene protons and methyl protons of lactide units (-COCH(CH~3~)O-), respectively; the peaks around 2.30 ppm were attributed to ω-methylene protons of the caprolactone units (-COC***H***~***2***~CH~2~CH~2~CH~2~CH~2~O-), while the two peaks at 1.30 ppm and 1.60 ppm belonged to the repeat ethylene units. All groups of MPEG-PCLA copolymers were identified by corresponding characteristic chemical shifts, indicating successful synthesis of MPEG-PCLA copolymers. The number-average molecular weight (*M*~n~) and block composition of MPEG-PCLA copolymers were determined by using the integral intensities of characteristic peaks at 3.60, 2.30 and 5.10 ppm. The results were listed in [Table 1](#t1){ref-type="table"}. It can be seen that the measured *M*~n~ and block composition were in good agreement with that designed. GPC was performed to determine the molecular weight distribution (polydispersity index, PDI) ([Table 1](#t1){ref-type="table"}). All copolymers had a very low value (1.15\~1.21), indicating a narrow distribution of PCLA chain length.

[Figure 2A](#f2){ref-type="fig"} shows the XRD patterns of the copolymers. Two peaks at 19.1° and 23.2° were assigned to the crystalline regions of MPEG block. MPEG-PCLA (2000--2000/100), that is MPEG-PCL, had an obvious crystalline peak at 21.3°, while there was no visible peak of MPEG-PCLA and MPEG-PDLLA (that is MPEG-PCLA (2000--2000/0)) copolymers, indicating the low crystallinity of PCLA and PDLLA segments. DSC analysis further confirmed this result ([Fig. 2B](#f2){ref-type="fig"}). As the content of PDLLA segments increased, melting peaks of the copolymers decreased accordingly, indicating that their crystallinity decreased too.

[Figure 3](#f3){ref-type="fig"} shows that the appearances of the copolymers in water at 25 °C. Obviously, the solution of MPEG-PCL was turbid. While other copolymers formed micelles with good clarity and faint opalescence. These results indicated that the prepared MPEG-PCLA copolymers had great hydrophilicity compared with MPEG-PCL.

Thermal degradation in an atmosphere of nitrogen
------------------------------------------------

The thermal stability of the copolymers was studied by means of TGA. The TGA and DTG curves of copolymers were showed in [Fig. 4](#f4){ref-type="fig"}, and the characteristic values from TGA curves were summarized in [Table 2](#t2){ref-type="table"}.

All copolymers showed a similar two-stage degradation pattern in nitrogen except MPEG-PCLA (2000--2000/50), which showed a one-stage degradation pattern, as shown in [Fig. 4B](#f4){ref-type="fig"}. The degradation of MPEG segment mainly occurred at *ca.* 405 °C, while the degradation of polyester segments occurred at relative low temperature. With the content of PDLLA segment in PCLA blocks increasing, *T*~*d,5%*~and *T*~*d,1\ max*~increased firstly and then decreased, while reached maximum at the equal ratio (50:50) of PDLLA to PCL. The results indicated that MPEG-PCL was more stable to heat than MPEG-PDLLA, but both were less stable than MPEG-PCLA. Therefore, the thermal stability was concerned with the content of PDLLA in the PCLA block; and MPEG-PCLA copolymer with an intermediate ratio (50:50) of PCL to PDLLA was the most stable.

Hydrolytic degradation behavior of the copolymers
-------------------------------------------------

The hydrolytic degradation behaviors of all copolymers in basic (pH = 13.0), acidic (pH = 1.0) and PBS (pH = 7.4) solutions were examined at 37 °C. [Figure 5](#f5){ref-type="fig"} shows the changes of molecular weight measured by ^1^H-NMR during degradation. Although the molecular weight of all copolymers decreased due to the degradation, the degradation rates were different. In the same degradation medium, the residual molecular weight of MPEG-PCL was the biggest and that of MPEG-PDLLA was the smallest after the same degradation time, while the MPEG-PCLA copolymers were in between both. In addition, the residual molecular weights of the MPEG-PCLA copolymers decreased as the content of PDLLA segments increased.

The degradation of the copolymers was also affected by the degradation medium. The molecular weights of MPEG-PCLA (2000--2000/50) were nearly 2000 or 2350 g/mol after 8 days in basic solution (pH = 13.0) or 14 days in acidic solution (pH = 1.0), but 2550 g/mol after 12 weeks in PBS (pH = 7.4). It's because that the hydrolysis of the ester bonds in MPEG-PCLA copolymer could be accelerated in the presence of acid or base, while PBS kept the solution to be neutral and therefore slowed down the degradation. [Figure 6](#f6){ref-type="fig"} exhibits the GPC profiles of MPEG-PCLA (2000--2000/50) at different degradation solutions. The increased elution time indicated that the molecular weight decreased. The signal of MPEG segment gradually appeared and increased. Meanwhile the signal of PCLA segments disappeared after 8 days in basic solution or 14 days in acidic solution, but still existed after 12 weeks in PBS. These results indicated that the degradation measured by GPC were in accordance with that of ^1^H-NMR.

[Figure 7](#f7){ref-type="fig"} shows the DSC curves of the copolymers before and after degradation. The melting points of MPEG-PCLA (2000--2000/50) and MPEG were 45.3 °C and 56.4 °C, respectively. As the degradation proceeded, the melting points increased gradually and were gradually closer to that of MPEG, indicating that MPEG gradually appeared and increased.

Preparation and characterization of DTX-loaded copolymeric micelles
-------------------------------------------------------------------

The DTX micelles were prepared by a thin-film hydration method. During the evaporation process to remove dehydrated alcohol, DTX and copolymer distributed as homogenous amorphous substance. After water or normal saline added, all copolymers could self-assemble to form core-shell structural micelles with DTX encapsulated in core at appropriate temperature.

The CMC curve of MPEG-PCLA (2000--2000/50) micelles was shown in [Fig. 8](#f8){ref-type="fig"}. The CMC value was determined by the point which had the largest inclined rate. According to this, the CMC value of MPEG-PCLA (2000--2000/50) micelles was about 0.005 mg/mL.

To investigate the drug loading capacity of MPEG-PCLA copolymers, various drug/copolymer weight ratios were designed in the preparation of micelles, and the results were shown in [Table 3](#t3){ref-type="table"}. For each copolymer, the increased drug loading capacity and the decreased encapsulation efficiency were presented with the drug/copolymer feed ratio rising. The encapsulation efficiency was kept at a high level ( \> 90%) at the designed feeding DTX/copolymers weight ratio. In addition, the drug loading capacity and encapsulation efficiency of MPEG-PCLA copolymers had no difference with that of MPEG-PCL and MPEG-PDLLA, indicating the excellent drug loading property.

Crystallographic analysis was performed by XRD as presented in [Fig. 9](#f9){ref-type="fig"}. Compared with the XRD spectrum of DTX and the physical mixture, the lack of characteristic diffraction peak in the spectra of lyophilized DTX-loaded MPEG-PCLA (2000--2000/50) micelles indicated that DTX was completely entrapped in the micelles.

Considering long-term storage and easy of transportation, the DTX micelles were usually used as lyophilized powder. Normal saline was added to re-dissolve the lyophilized micelles when used. As shown in [Fig. 10A](#f10){ref-type="fig"}, all lyophilized micelles were powder forms without any excipient and could be completely re-dissolved as clear fluid without any surfactants or additives in normal saline at 60 °C. But the lyophilized DTX-loaded MPEG-PCL micelles were turbid slurry at 40 °C and 25 °C, while the other lyophilized DTX micelles were still transparent. Moreover, the particle size did not almost any change between lyophilized and re-dissolved DTX-loaded MPEG-PCLA (2000--2000/50) micelles at 25 °C ([Fig. 10B](#f10){ref-type="fig"}). The particle size and zeta potential of the re-dissolved micelles were shown in [Table 4](#t4){ref-type="table"}. All micelles had smaller particle size than 25 nm and were almost not charged. TEM images showed that the re-dissolved micelles were still monodisperse and spherical particles with uniform size ([Fig. 10C](#f10){ref-type="fig"}). The results further suggested that MPEG-PCLA copolymers could successfully solve the poor hydrophilicity of MPEG-PCL.

Cytotoxicity assay
------------------

The cytotoxicity of the copolymers was evaluated by a cell viability assay using HUVEC and NIH-3T3 cells for 24 h, respectively. According to [Fig. 11A,B](#f11){ref-type="fig"}, there were more than 80% of HUVEC and NIH-3T3 cells viable in almost all the copolymer solutions at a concentration of 10.0 mg/ml. The cytotoxicity studies suggested that MPEG-PCLA copolymers had good biocompatibility as MPEG-PCL and MPEG-PDLLA. Therefore, MPEG-PCLA copolymers could be regarded as safe drug delivery carriers.

To evaluate the cytotoxicity of DTX-loaded MPEG-PCLA micelles, 4T1 cells and MCF-7 cells were exposed to a series of DTX micelles with different concentrations. [Figure 12A,B](#f12){ref-type="fig"} showed that free DTX and all DTX micelles significantly inhibited the growth of 4T1 cells and MCF-7 cells in a dose-dependent manner. All DTX micelles had similar IC~50~ and were slightly lower than free DTX ([Table 5](#t5){ref-type="table"}). The results demonstrated the encapsulation of DTX into MPEG-PCLA micelles kept the cytotoxicity compared with DTX-loaded MPEG-PCL micelles, and slightly enhanced the cytotoxicity than free DTX.

Quantification of cellular uptake
---------------------------------

The cellular uptake of DTX by MCF-7 cells was quantified using HPLC method. As shown in [Fig. 13](#f13){ref-type="fig"}, DTX uptake by MCF-7 cells was 4.93 ± 0.52 μg in free DTX group, while significantly more DTX (7.28 ± 0.69 μg, *p* \< 0.05) accumulated in MCF-7 cells in DTX-loaded MPEG-PCLA (2000--2000/50) micelles group. The results indicated that DTX micelles could improve the uptake of DTX by MCF-7 cells.

*In vitro* drug release behavior
--------------------------------

The *in vitro* drug release behavior of DTX from free DTX and DTX-loaded MPEG-PCLA (2000--2000/50) micelles was shown in [Fig. 14](#f14){ref-type="fig"}. In the first 24 hours, compared with 85.6% of DTX released from free DTX, only 60.6% of DTX were released from DTX-loaded MPEG-PCLA (2000--2000/50) micelles. Besides, the release of DTX from the micelles also exhibited slow and sustained release behavior even up 240 hours. These controlled release behavior may be in favor of reducing the leakage of DTX in the systemic circulation and avoiding the damage to the healthy tissue.

*In vivo* pharmacokinetic study
-------------------------------

After intravenously administration of free DTX and DTX-loaded MPEG-PCLA (2000--2000/50) micelles, the concentrations of DTX in plasma were measured, the plasma concentration-time profiles were shown in [Fig. 15](#f15){ref-type="fig"} and the main parameters were presented in [Table 6](#t6){ref-type="table"}. The concentrations of DTX were significantly higher in DTX-loaded MPEG-PCLA (2000--2000/50) micelles group compared with free DTX group, and the peak concentrations (C~max~) were 68.10 ± 18.26 mg/L versus 37.63 ± 10.17 mg/L (*p* \< 0.05). For bioavailability, the area under the plasma concentration-time curve (AUC) of DTX in DTX-loaded MPEG-PCLA (2000--2000/50) micelles group was 2.2 times higher than that in free DTX group (46.96 ± 10.49 mg/L^\*^h versus 21.60 ± 4.56 mg/L^\*^h, *p* \< 0.05). Furthermore, the corresponding total body clearance (CL) of DTX decreased from 0.48 ± 0.11 L/h/kg (free DTX) to 0.22 ± 0.05 L/h/kg (DTX-loaded MPEG-PCLA (2000--2000/50) micelles) (*p* \< 0.05). Compared with free DTX, the higher C~max~ and AUC and decreased CL of DTX-loaded MPEG-PCLA (2000--2000/50) micelles suggested that the clearance of DTX in plasma could be prevented by polymeric micelles and then improved the bioavailability.

Discussion
==========

Polyether-polyester block copolymers are amphiphilic, biodegradable and easy to prepare, and have been extensively applied in drug delivery systems. In our previous work, MPEG-PCL had been used to deliver paclitaxel and tacrolimus. However, owing to high crystallinity and hydrophobicity of the PCL segment, MPEG~2000~-PCL~2000~ cannot dissolve in water at room temperature unless heating up to 60 °C, which restrict its further application in clinic[@b15][@b16][@b17][@b21][@b28].

In this work, we tailored the properties of MPEG-PCL copolymer by the random ring-opening copolymerization of ε-CL and D,L-LA. The prepared MPEG-PCLA copolymers have controllable molecular weight and segment content, and easily synthesized as designed by adjusting the feed ratio of ε-CL and D,L-LA. Introducing PDLLA into PCL segments decreased the crystallinity and improved the water solubility. It's known that PCL has high crystallinity, but PDLLA is amorphous[@b29]. When PLA was copolymerized with PCL segments, the ordered crystalline structure of PCL segment was disturbed, thus leading to an amorphous molecular structure of their copolymer (PCLA)[@b30]. For MPEG-PCLA, the water solubility is mainly affected by the hydrophobic segments because hydrophilic MPEG has good solubility in water. The crystalline segments prevent water diffusion into the polymer, but the amorphous segments can facilitate water diffusion. Thus the introduction of PDLLA into MPEG-PCL copolymers will result in the decrease of the crystallinity, and hence the water molecules were more easily to diffuse through their copolymers (MPEG-PCLA), leading their copolymers to easily dissolve in water at room temperature.

The thermal stability of MPEG-PCLA increased at first and then decreased with the increase of the PDLLA content, reaching a highest value at an equal content (50:50) of PCL and PDLLA segment. The result is also in accordance with the studies that PCL is more stable to heat than PLA[@b22][@b30][@b31][@b32][@b33][@b34]. The thermal degradation is mainly affected by the chain structure of the copolymers. The change of the chain structure may result in the difference of the degradation behavior. Therefore, we can synthesize MPEG-PCLA copolymers with appropriate thermo-stability via adjusting the ratio of PDLLA to PCL. Moreover, the weight losses of PCLA segments at stage 1 were ca.52\~55% ([Table 2](#t2){ref-type="table"}), showing that the contents of PCLA segments were 52\~55% in the MPEG-PCLA copolymers. These results were in accordance with the ^1^H-NMR data.

The hydrolytic degradation rate of MPEG-PCLA copolymers also increased as the content of PDLLA in PCLA block increased. In addition, the degradation rate also depends on the degradation medium, basic and acid medium remarkably accelerated the degradation of MPEG-PCLA compared with PBS. The hydrolytic degradation of MPEG-PCLA copolymers is mainly due to the breakage of the ester bonds of the polyester blocks, which depends on the content of PDLLA segment and the degradation medium[@b28][@b35][@b36]. The high content of PDLLA segment leads to the accelerated degradation. One reason for this result is the fact that the copolymers with higher PDLLA content possessed poorer crystallinity, which made water easier access to the ester bonds of MPEG-PCLA copolymers. The other reason is that the PDLLA chains had higher ester group content than PCL chain, which made the copolymers of higher PDLLA content more hydrophilic than those of lower PDLLA content. So, lower crystallinity and higher content of ester bonds of those copolymers with higher PDLLA content led to a rapider hydrolytic degradation. The degradation medium also affects the hydrolytic degradation. Free OH^−^ and H^+^ are the catalyst of the breakage of the eater bonds and can accelerate the degradation of the copolymers. At the same time, the acidic production resulting from the degradation of the PDLLA segment will also self-catalyzed the copolymers. Therefore, we can easily prepare MPEG-PCLA copolymers with appropriate hydrolytic degradation property for desired clinical application via adjusting the ratio of PDLLA to PCL.

As a drug delivery carrier, the drug loading properties is the most important parameters. MPEG-PCL and MPEG-PDLLA copolymers had been demonstrated as excellent carrier for DTX[@b13][@b37]. The CMC of MPEG-PCLA (2000--2000/50) micelles was about 0.005 mg/mL, which is in the same order of magnitude as that of MPEG-PDLLA (0.008 mg/mL) and MPEG-PCL (0.01 mg/mL)[@b38]. The low CMC is in favor of keeping the micelles stability and reducing the leakage in systemic circulation[@b39]. We also investigated the DTX loading property of MPEG-PCLA copolymer. The results showed there was no significant difference on the drug loading capacity and encapsulation efficiency of all prepared DTX micelles. However, the re-dissolved phenomenon of the lyophilized micelles was different. The lyophilized DTX-loaded MPEG-PCLA micelles were readily dissolved in normal saline at 25 °C, whereas the lyophilized DTX-loaded MPEG-PCL micelles required higher temperature (*ca.*60 °C). This good re-dissolved property of DTX-loaded MPEG-PCLA micelles makes it convenient for clinical application. Besides, all DTX formulation exhibited a significant suppression on the growth of 4T1 and MCF-7 cells. But in comparison with free DTX, the DTX micelles had slightly lower IC~50~ and enhanced cytotoxicity. Through cellular uptake study, we found the encapsulation of DTX into micelles could enhance the uptake by cells compared with free DTX, which may explain the enhanced cytotoxicity of DTX micelles. Furthermore, compared with free DTX, DTX micelles exhibited a slower and sustained release behavior *in vitro* and the improved DTX concentration and retention time *in vivo*. These drug release behaviors may be in favor of improving the therapeutic effect through the longer circulation time, the lower DTX leakage and the more accumulation of DTX in tumors via EPR effect.

Conclusion
==========

In this paper, we successfully prepared MPEG-PCLA copolymers with different segment ratios of PCL to PDLLA by adjusting the feed ratio of ε-CL to D,L-LA. The introduction of PDLLA into PCL block lowers the crystallinity and improves hydrophilicity compared with MPEG-PCL. While the thermal stability increased at first and then decreased, and the MPEG-PCLA copolymer with an intermediate ratio (50:50) of PCL to PDLLA was the most stable to heat. Higher content of PDLLA segment led to rapider hydrolytic degradation, while basic and acidic solutions also accelerated the hydrolytic degradation of MPEG-PCLA copolymers. So, according to the need, MPEG-PCLA copolymers with specific thermal and hydrolytic degradation properties can be prepared via adjusting the feed ratio of PCL to PDLLA. Besides, all copolymers exhibited good biocompatibility, high drug loading capacity and encapsulation efficiency. In addition, compared with free DTX, DTX-loaded MPEG-PCLA micelles showed increased cellular uptake, slightly enhanced cytotoxicity, controlled release behavior *in vitro* and improved pharmacokinetics *in vivo*. More importantly, MPEG-PCLA copolymers solved the poor water solubility of MPEG-PCL, which is beneficial to the clinical applications. Therefore, MPEG-PCLA copolymers with adjustable ratio of PCL to PDLLA may be a promising drug delivery system and deserve further study.
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![The ^1^H-NMR spectrum of the copolymer in CDCl~3~.\
(TMS as internal standard substances).](srep34069-f1){#f1}

![The XRD spectra (**A**) and the DSC curve (**B**) of the copolymers. (a\~e, h) represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30), MPEG-PCLA (2000--2000/0) and MPEG (2000), respectively.](srep34069-f2){#f2}

![The water solubility of the copolymers at 25 °C.\
(**a\~e**) Represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30) and MPEG-PCLA (2000--2000/0), respectively.](srep34069-f3){#f3}

![The TGA curves (**A**) and the corresponding DTG curves (**B**) of the copolymers in an atmosphere of nitrogen. (a\~e, h) represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30), MPEG-PCLA (2000--2000/0) and MPEG (2000), respectively.](srep34069-f4){#f4}

![The *M*~n~ changes of the copolymers before and after degradation in basic solutions (pH = 13.0) (**A**), acidic solutions (pH = 1.0) (**B**) and PBS (pH = 7.4) (**C**). (a\~e) represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30) and MPEG-PCLA (2000--2000/0), respectively.](srep34069-f5){#f5}

![The GPC curves of MPEG-PCLA (2000--2000/50) copolymer before and after degradation in basic solutions (pH = 13.0) (**A**), acidic solutions (pH = 1.0) (**B**) and PBS (pH = 7.4) (**C**).](srep34069-f6){#f6}

![The DSC curves of MPEG-PCLA (2000--2000/50) copolymer before and after degradation in basic solutions (pH = 13.0) (**A**), acidic solutions (pH = 1.0) (**B**) and PBS (pH = 7.4) (**C**).](srep34069-f7){#f7}

![The CMC curve of MPEG-PCLA (2000--2000/50) copolymer micelles.](srep34069-f8){#f8}

![X-ray diffraction spectra of DTX powder (**A**), physical mixture of DTX and MPEG-PCLA (2000--2000/50) copolymers (**B**) and lyophilized DTX-loaded MPEG-PCLA (2000--2000/50) copolymer micelles (**C**).](srep34069-f9){#f9}

![(**A**) Photographs of freeze-dried and re-dissolved DTX micelles based on different copolymers in normal saline at 25 °C, 40 °C and 60 °C. (a\~e) represents DTX micelles of MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30) and MPEG-PCLA (2000--2000/0), respectively; (**B**) Particle size distribution of freshly prepared and re-dissolved freeze-dried DTX-loaded MPEG-PCLA (2000--2000/50) copolymer micelles; (**C**) TEM images of re-dissolved freeze-dried DTX-loaded MPEG-PCLA (2000--2000/50) copolymer micelles.](srep34069-f10){#f10}

![Cytotoxicity of the copolymers on HUVEC cells (**A**) and NIH-3T3 cells (**B**) detected by MTT assay, (means ± SD, n = 6). (a\~e) represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30) and MPEG-PCLA (2000--2000/0), respectively.](srep34069-f11){#f11}

![Cytotoxicity of DTX-loaded copolymer micelles on 4T1 cells (**A**) and MCF-7 cells (**B**) detected by MTT assay, (means ± SD, n = 6).(a\~e) represents MPEG-PCLA (2000--2000/100), MPEG-PCLA (2000--2000/70), MPEG-PCLA (2000--2000/50), MPEG-PCLA (2000--2000/30) and MPEG-PCLA (2000--2000/0), respectively.](srep34069-f12){#f12}

![The amount of DTX accumulated in MCF-7 cells.\
DTX micelles in figure refer to DTX-loaded MPEG-PCLA (2000--2000/50) micelles. \**p* \< 0.05, compared with free DTX group.](srep34069-f13){#f13}

![*In vitro* release profiles of DTX from free DTX and DTX-loaded MPEG-PCLA (2000--2000/50) micelles in PBS solution containing 0.5% (w/v) Tween 80 at pH 7.4, the error bars represent the standard deviation (n = 3).\
DTX micelles in figure refer to DTX-loaded MPEG-PCLA (2000--2000/50) micelles.](srep34069-f14){#f14}

![Plasma concentration-time profiles of DTX after intravenous injection of free DTX and DTX-loaded MPEG-PCLA (2000--2000/50) micelles in rat.\
Error bars represent the standard deviation (n = 3). DTX micelles in figure refer to DTX-loaded MPEG-PCLA (2000--2000/50) micelles.](srep34069-f15){#f15}

###### ^1^H-NMR characterizations and GPC measurements of the copolymers.

  Code                            Sample                           Designed   ^1^H-NMR   GPC                       
  ------- ------------------------------------------------------- ---------- ---------- ----- ------ ------ ------ -------
  **a**    MPEG-PCLA (2000--2000/100)[y](#t1-fn4){ref-type="fn"}     4000       100       0    4074   100     0     1.179
  **b**                  MPEG-PCLA (2000--2000/70)                   4000        70      30    4069   69.5   30.5   1.178
  **c**                  MPEG-PCLA (2000--2000/50)                   4000        50      50    4090   50.7   49.3   1.204
  **d**                  MPEG-PCLA (2000--2000/30)                   4000        30      70    3993   33.9   66.1   1.159
  **e**                  MPEG-PCLA (2000--2000/0)                    4000        0       100   3980    0     100    1.194

^v^The designed hydrophobic segment composition.

^w^The hydrophobic segment compositions determined by ^1^H-NMR.

^x^Polydispersity index (PDI, *M*~w~/*M*~n~) determined by GPC.

^y^MPEG-PCLA (2000--2000/100) is equal to MPEG-PCL (2000--2000), while MPEG-PCLA (2000--2000/0) is equal to MPEG-PDLLA (2000--2000).

###### The TGA data of the copolymers at a heating rate of 10 °C/min in an atmosphere of nitrogen.

  Sample                       *T*~*d,5%*~ (°C)               Stage1                            Stage 2                      *T*~*d,95%*~ (°C)          Residue at 500 °C (%)                 
  --------------------------- ------------------ --------------------------------- --------------------------------- --------------------------------- ----------------------- ------ ------- -----
  MPEG-PCLA(2000--2000/100)         307.0                      334.3                             380.3                             52.3                         408.3           45.8   419.7   1.9
  MPEG-PCLA(2000--2000/70)          321.7                      369.7                             385.0                             55.1                         407.3           41.2   423.0   3.7
  MPEG-PCLA(2000--2000/50)          308.3         ---[\*](#t2-fn1){ref-type="fn"}   ---[\*](#t2-fn1){ref-type="fn"}   ---[\*](#t2-fn1){ref-type="fn"}           404.7           98.0   422.7   2.0
  MPEG-PCLA(2000--2000/30)          302.0                      337.0                             376.5                             54.7                         405.0           42.3   419.0   3.0
  MPEG-PCLA(2000--2000/0)           263.0                      308.0                             347.5                             53.4                         404.0           45.4   415.0   1.2
  MPEG                              370.5         ---[\*](#t2-fn1){ref-type="fn"}   ---[\*](#t2-fn1){ref-type="fn"}   ---[\*](#t2-fn1){ref-type="fn"}           402.5           98.6   422.7   1.4

^\*^"---" No data was obtained.

###### Drug loading capacity (DLC) and encapsulation efficiency (EE) of the DTX micelles based on various copolymers.

                                      Sample             Drug/copolymer mass ratio in feed (w/w)                                
  ------------------------- --------------------------- ----------------------------------------- -------------- -------------- --------------
  DLC(%)                     MPEG-PCLA(2000--2000/100)                 1.92 ± 0.07                 4.79 ± 0.19    7.66 ± 0.34    10.67 ± 0.26
  MPEG-PCLA(2000/2000/70)           1.97 ± 0.04                        4.83 ± 0.22                 7.33 ± 0.04    9.65 ± 0.14   
  MPEG-PCLA(2000/2000/50)           1.98 ± 0.04                        4.90 ± 0.06                 7.80 ± 0.02    10.71 ± 0.68  
  MPEG-PCLA(2000/2000/30)           1.95 ± 0.05                        4.90 ± 0.02                 7.63 ± 0.45    9.15 ± 0.34   
  MPEG-PCLA(2000--2000/0)           1.94 ± 0.02                        4.90 ± 0.23                 7.68 ± 0.20    11.15 ± 0.08  
  EE(%)                      MPEG-PCLA(2000--2000/100)                96.19 ± 3.47                 95.75 ± 3.72   95.77 ± 4.19   88.95 ± 2.13
  MPEG-PCLA(2000/2000/70)          98.29 ± 1.95                       96.69 ± 4.40                 91.61 ± 0.51   80.39 ± 1.19  
  MPEG-PCLA(2000/2000/50)          99.07 ± 1.90                       97.92 ± 1.21                 97.54 ± 0.26   89.29 ± 5.70  
  MPEG-PCLA(2000/2000/30)          97.37 ± 2.45                       97.98 ± 0.43                 95.38 ± 5.61   76.23 ± 2.83  
  MPEG-PCLA(2000--2000/0)          97.21 ± 0.85                       97.91 ± 4.51                 95.97 ± 2.47   92.88 ± 0.64  

###### The particle size and zeta potential of the DTX micelles based on various copolymers.

  Sample                             Size (nm)      Zeta potential (mV)
  ------------------------------- ---------------- ---------------------
  DTX/MPEG-PCLA(2000--2000/100)    24.207 ± 0.068     −0.493 ± 0.038
  DTX/MPEG-PCLA(2000/2000/70)      23.627 ± 0.072     −0.278 ± 0.022
  DTX/MPEG-PCLA(2000/2000/50)      24.060 ± 0.061     −0.394 ± 0.030
  DTX/MPEG-PCLA(2000/2000/30)      23.750 ± 0.029     −0.622 ± 0.048
  DTX/MPEG-PCLA(2000--2000/0)      21.913 ± 0.202     −0.438 ± 0.057

###### The IC~50~ values of the DTX micelles on 4T1 cells and MCF-7 cells tested by MTT assay.

  Sample                           IC~50~ value (μg/ml)  
  ------------------------------- ---------------------- -------
  Free DTX                                 93.5           132.7
  DTX/MPEG-PCLA(2000--2000/100)            53.1           73.2
  DTX/MPEG-PCLA(2000/2000/70)              79.7           122.2
  DTX/MPEG-PCLA(2000/2000/50)              72.9           124.8
  DTX/MPEG-PCLA(2000/2000/30)              86.3           121.5
  DTX/MPEG-PCLA(2000--2000/0)              70.2           109.1

###### Pharmacokinetic parameters after intravenous administration of DTX formulations in rats \**p* \< 0.05, compared with free DTX group.

  Parameters        Free DTX      DTX- mPEG-PCLA (2000--2000/50) micelles
  -------------- --------------- -----------------------------------------
  AUC(mg/L\*h)    21.60 ± 4.56                46.96 ± 10.49\*
  C~max~(mg/L)    37.63 ± 10.17               68.10 ± 18.26\*
  MRT(h)           1.61 ± 0.18                 1.13 ± 0.21\*
  t1/2(h)          1.11 ± 0.13                 0.78 ± 0.15\*
  CL(L/h/kg)       0.48 ± 0.11                 0.22 ± 0.05\*
  V(L/kg)          0.78 ± 0.21                 0.25 ± 0.08\*
